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Introduction
The past two decades have witnessed a tremendous growth of global energy demand. This has significantly encouraged the exploitation of promising alternative resources -shale oil and gas, which have attracted more and more attention due to huge reserves and great commercial potential.
Generally, retorting processes for oil shale can be divided into two types: ex situ (aboveground) technologies, such as the Kiviter process employed in Estonia, the Tosco II technology used in the USA and the Fushun-type retorting applied in China [1] , and in situ methods, such as ICP of Shell, Electrofrac TM by ExxonMobil, USA, and Chevron's technology, USA [2] . However, the oil shale industry employing these technologies [3] has yet to tackle with several critical problems, such as harmful semicoke waste, complicated multistage technological scheme for retorting [4] , high energy consumption in ICP, etc. Recently, the oil shale self-heating retorting [5] and topochemical reaction [6] have been introduced as low-energy oil shale conversion methods. A specific feature of these methods is that oil shale is preheated in the presence of air. In the self-heating retorting process, oil shale is first preheated from room temperature to 300 °C under N 2 , then at 150 °C in the presence of air, which triggers the self-heating effect. In case of the topochemical reaction, a chemical reaction between oil shale and oxygen takes place. However, up to now, no research on the kinetic analysis of the shale residues after partial oxidation treatment has yet been made.
Thermogravimetry (TG) has been widely used to analyze devolatilization characteristics, the effect of temperature on thermal degradation, and kinetic parameters of oil shale [6] [7] [8] [9] [10] . TG analysis can be performed using both isothermal and non-isothermal methods, while the non-isothermal analysis has gained in popularity to study the kinetic behaviour of oil shale. Kök [11] [12] [13] [14] [15] [16] [17] has investigated the effect of heating rate and clay content on the kinetics of the fossil fuel combustion and pyrolysis by using TG and different kinetic models. Jiang et al. [18] have reported the mechanism and mathematical model of Huadian (HD) oil shale pyrolysis with different oil shale particle sizes and different heating rates. Yan et al. [19] have studied the interaction between oil shale and shale char during the co-pyrolysis. Nevertheless, researches on the activation energy of solid residues after partial oxidation treatment have been rare [20] .
In this work, the thermal behaviour and kinetic mechanism of raw and partially oxidized Huadian oil shale were investigated. The non-isothermal TG analysis and Coats-Redfern (C-R) and Flynn-Wall-Ozawa (FWO) methods were used to determine the kinetic parameters of oil shale at temperatures ranging from 250 to 550 °C. It was noted that the activation energy of partially oxidized oil shale (below 300 °C) was decreased. It is expected that this study not only inspires research on the mechanism of new methods of oil shale processing, such as self-heating retorting [5] and topochemical reaction [6] , but also introduces new ideas into oil shale industry.
Experimental section

Materials
The oil shale used was obtained from the Gonglangtou mine located in Huadian (HD), China, and was received as hard, dark gray blocks with no particular smell. The physical properties of oil shale are summarized in Table 1 . The ash analysis was performed using a Philips PW 1404/10 XRF spectrometer, the results are presented in Table 2 . The partially oxidized oil shale was obtained by the preheating treatment from 100 °C to 600 °C in a tube furnace, which was electrically heated and air-swept at a continuous flow rate of 10 mL min -1 at STP. Then a reaction between oil shale and oxygen, known as the partial oxidation of kerogen, followed [6] . The procedure was carried out in three steps. First, block oil shale samples (2 × 2 × 6 cm 3 , 35-40 g) were placed in the center of the quartz tube and heated at a rate of 5 °C min -1 to a specific temperature. Once the desired temperature was achieved, the samples were then held for 100 min to ensure that their masses remain constant. Thereafter the reactor cooled down to room temperature and the solid residues were collected.
For convenience the samples were labeled S raw , S 100 , S 200 , S 300 , S 400 , S 500 , S 600 , where subscripts represent raw oil shale or preheating treatment temperatures. For example, S 100 denotes the solid residue collected after preheating treatment at 100 °C.
Apparatus and experimental procedures
TGA and differential thermal analyses (DTA) were performed using a Netzsch STA 449C thermal analyzer system (Germany) under air atmosphere (50 mL min -1 ). The X-ray diffraction (XRD) pattern was performed using a Rigaku D/MAX 2550 diffractometer (Japan) with Cu Kα radiation at 50 kV and 200 mA. The Fourier transform infrared (FTIR) spectrum (KBr) was obtained using a Bruker IFS 66V/S FTIR spectrometer (Germany) in the mid-IR region of 400-4000 cm -1 . Before conducting the above analytical tests, the prepared samples were finely ground (< 63 µm) and prepared according to ASTM standards. Duplicate experiments were performed to ensure reproducibility.
Kinetic modeling
Modeling of a reaction for the combustion and pyrolysis processes of natural matter is extremely complicated, because in these processes several components are oxidized simultaneously. The organic matter, or kerogen, present in oil shale is a solid substance insoluble in water. The thermal decomposition of oil shale in a non-isothermal mode could be represented by the following reaction:
Oil shale → oil + gas + solid residue
The rate of the kinetic process is usually expressed by the following equation:
where f(x) is a dependent kinetic model function, x is the extent of conversion, t is the time, k is the rate constant and n is the order of reaction. The extent of conversion can be defined as follows:
where m is the weight of the sample at time t, m 0 and m f refer to the initial and final weights of the sample. According to the Arrhenius equation, the temperature dependence of the rate constant is:
where A is the pre-exponent factor, E is the activation energy, T is the absolute temperature and R is the universal gas constant. For non-isothermal conditions, the constant heating rate β presents a linear relation between time and temperature:
Substituting Equations (3) and (4) in Equation (1) gives:
The above equation can be used to determine E and A by employing TG data. Approaches, such as direct Arrhenius, C-R [21] , Horowitz-Metzger, Kissinger and FWO methods [22] [23] [24] , can be applied to determining kinetic parameters. The direct Arrhenius, Horowitz-Metzger and C-R methods employ data obtained only at one heating rate, while the single scanning, Kissinger and FWO methods are based on measurements made at different heating rates (isoconversional method). The attraction of the isoconversional method derives mainly from its ability to afford activation energy values without the necessity for presuming the analytical form of the conversion model [25] . In the present work, kinetic analysis was performed using C-R and FWO methods.
C-R method
The C-R method is widely used for the calculation of kinetic parameters. In order to simplify calculations, the order of reaction (n) is assumed unity. After performing a series of mathematical transformations, the final form of the first order C-R equation is as follows:
Plotting the left-hand side of Equation (6) against 1 T gives a straight line having a slope of E R − and an intercept of ln( ) AR E β . Using TG data, the activation energy E and the pre-exponential factor A can be calculated.
FWO method
The FWO method is based on an assumption that the rate of a conversion reaction is only a function of temperature, and that the reaction model is not dependent on temperature or heating rate [26, 27] . This method is based on the following equation:
where g(x) is the integral form of the reaction model. Thus, for x = const, the plot of logβ vs 1 T constructed from TG data obtained at different heating rates should be a straight line whose slope allows evaluation of the activation energy.
Results and discussion
Characterization of raw Huadian oil shale
Various functional groups were observable in the FTIR spectrum of raw HD oil shale (Fig. 1a) . The spectrum consists of stretching and bending vibrations from the aliphatic and aromatic groups of kerogen, which overlap with the peaks of minerals such as carbonates, quartz, and clay. A sharp band at 3700 cm -1 is attributable to kaolinite; a sharp band at 3620 cm -1 results from montmorillonite in the shale [28] . The aliphatic hydrocarbon stretching bands observed at 2920 cm -1 (υ as CH 2 ) and 2850 cm -1 (υ s CH 2 ) and the aromatic bands at 1620 and 736 cm -1 provide further evidence that a significant amount of organic compounds is present in the HD oil shale [29, 30] . These data illustrate that the kerogen of HD oil shale is aliphatic in nature and has been derived from immature lacustrine sediments [8, [31] [32] [33] . The characteristic peaks of calcite are at 1800, 1420 and 872 cm -1 . The three unresolved bands at 1164, 1105 and 420 cm -1 are due to pyrite in oil shale [9, 28] . The bands at 800 and 778 cm -1 are characteristic peaks of quartz. The XRD patterns (Fig. 1b) of raw oil shale provided further evidence in support of FTIR results, especially those for inorganic minerals. As seen from Figure 1b , quartz is clearly the dominant phase in the minerals of HD oil shale. In addition to pyrite and feldspars, carbonate minerals and clays are also present in different proportions. However, the mineral crystallization of HD oil shale is generally poor. Moreover, the variable pattern between 5° and 29° reveals that organic matter is mostly amorphous [29] . Figure 2 shows the TG, DTA and DTG curves for raw HD oil shale in an air atmosphere at a heating rate of 10 °C min -1 . The experiments were repeated several times and showed good reproducibility. The stages were as follows:
(a) Below 200 °C, the mass loss can be mainly attributed to evaporation of water, especially adsorbed and interlayer water from clay minerals.
(b) In a temperature range from 250 °C to 550 °C, a significant mass loss and three main exothermic reactions took place. This stage mainly involves the decomposition of bitumen and kerogen into volatiles. The entire process is exothermic and the reaction rapid.
(c) Above 600 °C, the final mass loss was observed. This stage is governed by the thermal decomposition of carbonates and clay minerals. The reaction is strongly endothermic under air atmosphere.
The entire reaction process for oil shale can be divided into five stages [6, 7, 11, 12] : (a) distillation, (b) low-temperature oxidation (LTO), (c) moderate-temperature oxidation (MTO), (d) high-temperature oxidation (HTO), and (e) decomposition of organic residues and inorganic minerals. LTO, MTO and THO are mostly dominated by the pyrolysis of organic matter. This study mainly focuses on the dynamic characteristics of organic matter decomposition at different preheating temperatures. The kinetic study of stages (a) and (e) was not undertaken. From the DTG curves shown in Figure 3 , three stages of organic matter pyrolysis at 10 °C min -1 can be clearly observed in S 100 , which is similar to S raw ; the rates of mass loss of S raw and S 100 increase from LTO to HTO. For S 200 and S 300 , the rate of pyrolysis in MTO is the highest, decreasing in HTO. As the preheating temperature increases, thermal reactions of oil shale take place, the LTO and HTO stages disappear and the rate of pyrolysis of S 400 , S 500 and S 600 in MTO declines. Moreover, the peak temperature of S 400 , S 500 and S 600 increases and the DTG peaks shift to higher temperature. This is because after high-temperature pretreatment less kerogen is left, and DTG peaks of the residue shift to the high-temperature region. The characteristic temperatures of and the mass loss values of oil shale samples in each thermal degradation stage are listed in Table 3 . For S raw , S 100, S 200 and S 300 , the mass loss in LTO and MTO stages increases successively, accompanied by a decrease in the HTO stage, indicating that the reactions occurred in the presence of oxygen below 300 °C and reduced the energy for chemical bond breakage and accelerated the conversion of kerogen into bitumen and oil/gas [6] . However, after low-temperature pretreatment the total mass loss of organic matter in the combustion process also increased. This may be due to that at low temperature oil shale reacts with oxygen, which makes the fixed carbon and some inorganic minerals decompose in advance. The kinetics of oil shale in the combustion process, which combines thermal and oxidation effects in the presence of oxygen, is in general extremely complicated. It is well known that solid residues undergo several reactions during the low-temperature preheating treatment. scattering experimental data of a sample and the straight lines represent the corresponding fitted line of the data. From the slope and intercept of the line, E and A can be calculated, the results are given in Table 4 . It can be seen from the table that the calculated A and E are in excellent correlation with the R 2 coefficient ranging from 0.9669 to 0.9992, which supports the assumption about the first-order kinetics mentioned above. Figure 5 demonstrates that the E of S raw , S 100 , S 200 and S 300 varies. In the LTO stage, the activation energies of S raw , S 100 , S 200 and S 300 slightly rise, but in HTO are remarkably decreased. The activation energy of each individual sample in each reaction stage can be notionally attributed to different reaction mechanisms; nonetheless, it does not give any indication of the overall reactivity of oil shale and its solid residues. Also, it is difficult to determine whether there is a clear relationship between the activation energies of these samples at a heating rate of 10 °C min -1 . Therefore, the concept of weighted 
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where 1 2 , , , F F K and n F are the mass fractions of the sample mass loss during each stage of the Arrhenius linearity, and 1 2 , , , E E K and n E are the activation energies of individual samples obtained for each stage.
At a heating rate of 10 °C min -1 , the activation energy (Table 4 ) decreases from 78.48 kJ mol −1 for S raw to 47.93 kJ mol −1 for S 300 . Furthermore, it can be seen that the activation energy of S 100 decreases by 23% compared with that of S raw , but there is almost no change in case of S 300 and S 400 . The activation energies of S 500 and S 600 increase but are lower than that of S raw .
3.3.2. Effect of heating rate on the kinetics of raw Huadian oil shale and solid residues TG and DTG curves for the thermal degradation of S 300 and S 500 at different heating rates are shown in Figure 6 . In this work, increasing the heating rate from 5 to 40 °C min -1 , the characteristic temperatures were shifted to higher values. This is because the heat transfer is not as effective and efficient as it was at lower heating rates [35, 36] . Similarly, with increasing heating rate, the maximum mass loss rates were also shifted to higher temperatures as a consequence of the increasing inertia effect of the devolatilization process [37] . It is also apparent that the extent of diffusion control increases at high heating rates because the products are generated faster than they can diffuse out of the pores, consequently second-order reactions will occur.
From Figure 7 it can be clearly seen that the weighted mean activation energy of samples was greatly affected by heating rate. The activation energy increased with the heating rate changing from 5 to 40 °C min -1 . This may be attributed to the diffusion-limited process controlled by heat, as well as to the temperature difference between the surface and inside of the sample at a higher heating rate [36, 38] . It is obvious that the activation energies of S 100 , S 200 and S 300 were reduced at each heating rate. At a heating rate of 5, 10, 20, and 40 °C min -1 , the activation energy of S 100 decreased by 24.98%, 22.7%, 20.39% and 25.40%, respectively, relative to that of S raw .
Analysis of kinetic characteristics by the FWO method
Applying Equation (7) to the TG data obtained at varying heating rates, plots of logβ vs 1 T for S raw , S 300 and S 500 were constructed (Fig. 8) . The activation energies determined from the slope of logβ vs. 1 T from 10% or 30% to 80% conversion for degradation of organic matter are listed in Table  5 . It was found that the activation energies greatly changed, revealing that this degradation is a dominant multi-step kinetic process. variation from S raw to S 600 was also found in the C-R method, but the activation energies calculated by using the latter method were lower than those from the FWO method.
Evaluation of partially oxidized oil shale
The pyrolysis of kerogen is quite a complex process; it involves reactions of various free radicals, which are greatly affected by reaction conditions [5, 39, 40] . After low-temperature (below 300 °C) partial oxidation treatment under atmospheric conditions, oil shale is supposed to be activated and thus more active sites enhance subsequent reactions [5] . Therefore, preheating treatment possibly accelerates the pyrolysis of organic matter in oil shale via reaction pathways of different free radicals. Moreover, the oxidation of carbonaceous materials occurs on surface carbon sites that are capable of dissociatively chemisorbing oxygen [41] . These sites are primarily associated with the edge or defects on the surface. The amount of these reactive sites is known to be strongly dependent on parameters such as surface area [42] , and it is reasonable that the release of some water and slight volatile species, which are produced by the mild oxidation reaction of carbonaceous fuels, increases the surface area of sample. Hence, samples having a high surface area after preheating treatment are more reactive. Moreover, the increase of opening pore structures provides a heat transmission channel. As reported by Lázaro et al. [43] , high temperature or long time is usually required for a high activation energy reaction. It is logical that the decomposition of organic matter mainly takes place from 300 to 550 °C [44, 45] . Furthermore, there is no marked loss in oil yield after preheating treatment below 300 °C [5, 6] . Therefore, it is noted that the decomposition reaction above 300 °C could be enhanced effectively through preheating the samples, which is advantageous for the organic matter converting into shale oil/gas, especially in in situ extraction. Based on TG the activation energies of S 500 and S 600 increase at each heating rate but are lower than that of S raw . This gradual increase in activation energy at high preheating temperatures may be associated with the high degree of carbonization. Oil shale pyrolyzed at higher temperatures, differently from that pyrolyzed at lower temperatures, tends to have a lower content of volatiles, hydrogen and oxygen, and a lower degree of disorder [46, 47] . Moreover, much more energy is required for the decomposition of inorganic mineral, which makes oil shale pyrolysis highly energy-consuming. Pyrite, for instance, is oxidized between 450 and 550 °C, its activation energy on the phase transformation is 136.77 kJ mol -1 ; furthermore, the activation energy of the mixture of coal and pyrite is higher than that of raw coal [48] .
Conclusions
In this research, TG data were used to estimate the kinetic parameters of both raw Huadian oil shale and its solid residues after preheating treatment at different temperatures. The results showed that:
Pyrolysis of raw oil shale takes place in several stages at temperatures ranging from 250 to 550 °C, known as low-temperature, moderate-temperature and high-temperature oxidation. This paper analyzed the kinetics of oxidized oil shale between 250 to 550 °C by using the CoatsRedfern and Flynn-Wall-Ozawa methods. The variation of activation energy from S raw to S 600 in the two methods showed an almost similar trend. The burning of oil shale and its solid residues is a complicated multi-step kinetic process. As the preheating temperature increased, the thermal reactions of oil shale took place. The activation energies of S 100 , S 200 and S 300 were reduced contrary to that of S raw . At a preheating temperature above 400 °C, the activation energy increased with increasing pretreatment temperature, and more kerogen was driven out during partial oxidation at higher preheating temperatures. In the Coats-Redfern method, the activation energies of oil shale samples increased with increasing heating rate. This is due to the differences in the rate of heat transfer and product diffusion to sample, which occurred with variation in heating rate. However, it should be noted that this paper studied only the activation energy of Huadian oil shale after partial oxidation; the applicability of conclusions to practice yet remains to be elucidated in further research.
